M ultiple sclerosis, the prototypical inflammatory demyelinating disease of the central nervous system, is second only to trauma as a cause of acquired neurologic disability in young adults. 1 Multiple sclerosis usually begins as a relapsing, episodic disorder (relapsing-remitting multiple sclerosis), evolving into a chronic neurodegenerative condition characterized by progressive neurologic disability. 2 The traditional view of the pathophysiology of multiple sclerosis has held that inflammation is principally mediated by CD4+ type 1 helper T cells. Therapies (e.g., interferon beta and glatiramer acetate) developed on the basis of this theory decrease the relapse rate by approximately one third 3,4 but do not fully prevent the occurrence of exacerbations or accumulation of disabilities, and they are largely ineffective against purely progressive forms of multiple sclerosis. 5 The α 4 integrin inhibitor natalizumab, a monoclonal antibody that disrupts lymphocyte movement into the central nervous system, is effective in preventing relapses and also reduces the risk of sustained progression of disability in relapsing-remitting multiple sclerosis. 6 The prevention of focal inflammatory lesions early in the disease may delay the development of progressive multiple sclerosis 7 ; this underscores the importance of developing more effective therapies for relapsing-remitting multiple sclerosis.
In contrast to earlier concepts of disease suggesting that pathogenic T cells are sufficient for full expression of multiple sclerosis, it is now evident that autoimmune B cells and humoral immune mechanisms also play key roles. 8 The existence of a humoral component in multiple sclerosis has been implicitly recognized for decades, evidenced by the inclusion of cerebrospinal fluid oligoclonal bands and increased intrathecal IgG synthesis in the diagnostic criteria for multiple sclerosis. [9] [10] [11] The deposition of antibody and activation of complement associated with vesicular disintegration of the myelin membrane are present in most lesions in multiple sclerosis, 12-14 and autoantibodies directed against diverse antigens can also be detected in the cerebrospinal fluid of many patients with multiple sclerosis. 15 Memory B cells, which cross the blood-brain barrier, are believed to undergo restimulation, antigen-driven affinity maturation, clonal expansion, and differentiation into antibody-secreting plasma cells within the highly supportive central nervous system environment. 16 Clonally expanded populations of memory B cells Patients were randomly assigned in a 2:1 ratio to receive rituximab or placebo. They were hierarchically stratified according to study site, status with respect to previous treatment with interferon beta or glatiramer acetate (either no treatment or discontinuation of medication >6 months previously vs. treatment within the previous 6 months), and baseline disease severity according to the Expanded Disability Status Scale (EDSS) score (≤2.5 vs. >2.5). The EDSS is an ordinal scale ranging from 0 (normal neurologic examination) to 10.0 (death) in 0.5-step intervals. Rituximab (Rituxan, Genentech and Biogen Idec) is a genetically engineered chimeric monoclonal antibody that depletes CD20+ B cells through a combination of cell-mediated and complementdependent cytotoxic effects and the promotion of apoptosis. 24-26 B-cell depletion affects antibody production, cytokine networks, and B-cell-mediated antigen presentation and activation of T cells and macrophages. 27 On the basis of the effects of rituximab and the known immunopathology of multiple sclerosis, we performed a phase 2 trial of the agent in patients with relapsing-remitting multiple sclerosis.
Me thods

Study Design and Randomization
The trial was a randomized, double-blind, placebo-controlled study conducted at 32 centers in the United States and Canada. The protocol was approved by the institutional review board and the ethics committee of each institution. Written informed consent was obtained from each patient or the patient's legal guardian. Patients were randomly assigned in a 2:1 ratio to receive rituximab or placebo (Fig. 1) , and they were hierarchically stratified according to study site, status with respect to previous treatment with interferon beta or glatiramer acetate (either no treatment or discontinuation of medication ≥6 months previously vs. treatment within the previous 6 months), and baseline disease severity according to the Expanded Disability Status Scale (EDSS) score (≤2.5 vs. >2.5). The EDSS is an ordinal scale ranging from 0 (normal neurologic examination) to 10.0 (death) in 0.5-step intervals. 28 Patients received 1000-mg intravenous infusions of rituximab or placebo on study days 1 and 15 (Fig. 1) .
The study was designed jointly by Genentech and the investigators. Data were collected by the investigators and held and analyzed by Genentech. All members of the publication committee had full access to the data. All the authors vouch for the veracity and completeness of the data and data analysis.
Patients
Enrollment was limited to patients 18 to 55 years of age with a diagnosis of relapsing-remitting multiple sclerosis, 29 at least one relapse during 
Study Procedures and End Points
To prevent potential breaks in blinding because of observed efficacy, adverse events, or changes in laboratory values, each site had both a treating investigator and an examining investigator. The treating investigator was the safety assessor and made all treatment decisions based on the patient's clinical response and laboratory findings. The examining investigator was the efficacy assessor, who administered the EDSS and Multiple Sclerosis Functional Composite Scale with access only to those data. Staff members from a central magnetic resonance imaging (MRI) reading center (NeuroRx, Montreal) who were unaware of the data evaluated all scans. Each site was instructed not to obtain MRI scans within 30 days after the last dose of corticosteroids prescribed for relapse, except for safety reasons. At regularly scheduled visits over a period of 48 weeks, neurologic and physical examinations, MRI, and routine laboratory tests were performed and adverse events were recorded. After week 48, patients who remained peripherally B-cell-depleted continued in safety follow-up until their B-cell counts returned to the lower limit of the normal range or the baseline value, whichever was lower. Brain MRI scans with and without the administration of gadolinium were obtained at baseline and at weeks 4, 12, 16, 20, 24, 28, 36, and 48 . Patients were evaluated for relapses at unscheduled visits if a clinically significant change in their condition occurred. Relapse was defined as new or recurrent neurologic symptoms that were consistent with multiple sclerosis, lasted for at least 48 hours, and were preceded by a relatively stable or improving neurologic state for at least 30 days. The treating investigator could treat relapses with systemic corticosteroids. In addition to routine laboratory tests, levels of CD19+ B cells, immunoglobulins (IgG, IgA, and IgM), and human antichimeric antibodies were measured. Because rituximab interferes with flow-cytometric analysis of CD20, CD19, which has a similar expression profile, was used as a surrogate marker. The Common Toxicity Criteria, version 3.0, 30 were used to grade adverse events.
On days 1 and 15, acetaminophen (at a dose of 1 g) and diphenhydramine hydrochloride (at a dose of 50 mg) were administered orally 30 to 60 minutes before each infusion. Infusion-related reactions were to be treated with acetaminophen (paracetamol) plus intramuscular or slow intravenous administration of an antihistamine (diphenhydramine hydrochloride), a bronchodilator, or both, if indicated. If a severe infusion-related reaction occurred, the infusion was to be immediately interrupted, and symptomatic treatment initiated.
The primary efficacy end point was the sum of the number of gadolinium-enhancing lesions on serial T 1 -weighted MRI brain scans at weeks 12, 16, 20, and 24. Thus, lesions that persisted for more than 4 weeks were counted more than once. Key secondary, exploratory efficacy outcome measures were the proportion of patients with relapses; the annualized rate of relapse; the total number of new gadolinium-enhancing lesions observed on serial T 1 -weighted MRI brain scans at weeks 12, 16, 20, and 24 (i.e., lesions persisting for more than 4 weeks were counted only once); and the change from the baseline lesion volume on T 2 -weighted MRI scans. Because a reference scan was needed to determine whether a lesion was new, there was no count of new gadoliniumenhancing lesions for the baseline scan.
Statistical Analysis
Eight new gadolinium-enhancing lesions detected on four T 1 -weighted MRI scans between weeks 12 and 24 were expected in patients in the placebo group, and it was assumed that the data would follow a negative binomial distribution, resulting in an expected standard deviation of 11.7 for the placebo group. Assuming a 60% reduction in numbers of gadolinium-enhancing lesions detected on T 1 -weighted MRI in the rituximab group as compared with the placebo group, it was expected that the mean number of lesions would be 3.2 and the standard deviation would be 4.87, with the standard deviation calculated with the use of the same method. Originally, the trial was designed to enroll 280 patients, but before the primary end point at week 24, the sample-size target was reduced to 99 patients while the investigators were still unaware of the data. With the sample of 99 patients, the study would have 70% power at a two-sided significance level of 0.05 (PASS statistical software, version 6.0). No interim analysis was conducted. Analyses were performed on an intention-totreat basis. The van Elteren's test was applied to rank-transformed data to compare the study groups for the primary end point, with stratification according to baseline EDSS score (≤2.5 or >2.5), previous treatment with interferon beta or glatiramer acetate, and the absence or presence of baseline gadolinium-enhancing lesions. Missing values for gadolinium-enhancing lesions detected on T 1 -weighted MRI were replaced by the average number of lesions detected on available scans obtained during the first 24 weeks. Similar analyses were performed for other lesion-count end points. The change in the total volume of lesions detected on T 2 -weighted MRI brain scans from screening to week 24 and week 36 was compared between the study groups with the use of Friedman's analysis of covariance (ranked data) adjusted for the baseline volume of lesions detected on T 2 -weighted MRI, study-group assignment (placebo or rituximab), baseline EDSS score, and status with respect to previous treatment with interferon beta or glatiramer acetate. The last observation was carried forward to impute missing values. The proportion of patients with relapses was analyzed with the use of a Cochran-Mantel-Haenszel chi-square test with stratification according to baseline EDSS score and status with respect to previous treatment with interferon beta or glatiramer acetate. Patients who discontinued treatment early without having a relapse were considered to be relapse-free. The annualized rate of relapse was analyzed with the use of Poisson regression, with adjustment for exposure time in years and for baseline EDSS score and status with respect to previous treatment with interferon beta or glatiramer acetate. 
R e sult s
Study Population
A total of 104 patients were enrolled in the study; 69 were randomly assigned to receive rituximab and 35 to receive placebo. Baseline characteristics were generally balanced between the two groups (Table 1) . However, at baseline the proportion of patients without gadolinium-enhancing lesions was greater in the placebo group than in the rituximab group (85.7% vs. 63.8%, P = 0.02). Of the 104 patients, 96 (92.3%) completed 24 weeks (Table 2), and 79 patients (76.0%) completed 48 weeks (84.1% in the rituximab group and 60.0% in the Median 0 0 * Plus-minus values are means ±SD. Numbers of gadolinium-enhancing lesions were not whole numbers because of the inclusion of imputed data. Data on MRI findings were available for 66 patients in the rituximab group. † The P value is based on van Elteren's test stratified according to the baseline Expanded Disability Status Scale (EDSS) score (range of scores, 0 to 10.0, with higher scores indicating more severe disease), status with respect to previous treatment, and baseline gadolinium-enhancing lesions in 100 patients. ‡ The P value is based on Friedman's analysis of covariance (ranked data), adjusted for the baseline total volume of lesions detected on T 2 -weighted MRI and stratified according to the baseline EDSS score (≤2.5 or >2.5) and status with respect to previous treatment with interferon beta or glatiramer acetate; all tests were two-sided. § The patients who discontinued treatment before weeks 24 and 48 were considered to be relapse-free if they did not have any relapse during the study period. ¶ The P value is based on the Cochran-Mantel-Haenszel chi-square test stratified according to the baseline EDSS score (≤2.5 or >2.5) and status with respect to previous treatment with interferon beta or glatiramer acetate. ‖ The logit-estimate of the relative risk of relapse was adjusted according to the baseline EDSS score (≤2.5 or >2.5) and status with respect to previous treatment with interferon beta or glatiramer acetate. ** 90% CIs are based on the logit-adjusted method. † † The P value is based on Poisson regression adjusted for the baseline EDSS score (≤2.5 or >2.5) and status with respect to previous treatment with interferon beta or glatiramer acetate. ‡ ‡ The mean annualized relapse rate per patient is the number of relapses for each patient divided by the total number of years of follow-up.
The placebo group). Twelve of the 25 patients who discontinued the study treatment early completed the safety follow-up (10.1% of patients in the rituximab group and 14.3% of patients in the placebo group).
Efficacy
Primary End Point
Patients who received rituximab had a reduction in total gadolinium-enhancing lesion counts at weeks 12, 16, 20, and 24 as compared with patients who received placebo (P<0.001) ( Table 3) .
Patients receiving rituximab had a mean of 0.5 gadolinium-enhancing lesion, as compared with 5.5 lesions in patients receiving placebo, a relative reduction of 91%. Beginning at week 12, as compared with placebo, rituximab reduced gadolinium-enhancing lesions at each study week (P = 0.003 to P<0.001) ( Fig. 2A) .
Key Secondary End Points
The proportion of patients with relapses was reduced in the rituximab group at week 24 (14.5% vs. 34.3% in the placebo group; P = 0.02) and week 48 (20.3% vs. 40.0%, P = 0.04). Patients in the placebo group were more likely to have had a relapse at week 24 (relative risk, 2.3; 90% confidence interval [CI], 1.3 to 4.3) and at week 48 (relative risk, 1.9; 90% CI, 1.1 to 3.2) ( Table 3) . Patients in the rituximab group, as compared with those in the placebo group, had a lower annualized rate of relapse at 24 weeks (0.37 vs. 0.84, P = 0.04) but not at 48 weeks (0.37 vs. 0.72, P = 0.08). Rituximab reduced new gadolinium-enhancing lesions at weeks 12, 16, 20, and 24, as compared with placebo (P<0.001) ( Table 3 and Fig. 2B ). The reduction in the volume of lesions detected on T 2 -weighted MRI from baseline to week 24 and from baseline to week 36 was greater in patients who received rituximab than in patients who received placebo (P = 0.008 and P = 0.004, respectively).
Pharmacodynamics and Immunogenicity
Treatment with rituximab was associated with rapid and near-complete depletion (>95% reduction from baseline) of CD19+ peripheral B lymphocytes from 2 weeks after treatment until 24 weeks; by week 48, CD19+ cells had returned to 30.7% of baseline values. CD19+ peripheral B lymphocytes remained relatively stable in the placebo group for 48 weeks. CD3+ T lymphocytes were not appreciably altered by rituximab.
Immunoglobulin levels, assessed at baseline, at 24 and 48 weeks, and at the time of relapse, if one occurred, were below the lower limit of the normal range in 7.9% of patients who received rituximab and 3.0% of patients who received placebo. IgM levels were below the lower limit of the normal range in 22.4% of patients who received rituximab and 8.6% of patients who received placebo. Median IgM, IgG, and IgA levels remained above the lower limit of the normal range in both groups throughout the trial.
At screening and week 24, no patients in the rituximab group tested positive for human antichimeric antibodies to rituximab. At week 48, 14 of 58 patients who completed the study treatment (24.1%) tested positive for human antichimeric antibodies; no patient in the placebo group tested positive at any time (Table 4) . Of seven patients in the rituximab group who discontin- ued the treatment early, entered the safety follow-up period, and underwent assessment for human antichimeric antibodies, two were positive for human antichimeric antibodies. Thus, 16 of 65 patients (24.6%) were positive for human antichimeric antibodies. There was no apparent association between positivity for human antichimeric antibodies and the type or severity of adverse events or the efficacy response at week 24, 36, or 48.
Safety
More patients in the rituximab group (78.3%) than in the placebo group (40.0%) had infusionassociated adverse events within 24 hours after the first infusion. Within 24 hours after the second infusion, fewer patients in the rituximab group (20.3%) than in the placebo group (40.0%) had adverse events (Table 4) . A total of 50 of the 54 patients in the rituximab group (92.6%) reported infusion-associated adverse events that were mild to moderate (grade 1 or 2) in severity. The remaining four patients (7.4%) reported grade 3 events associated with infusion; these included headache, back pain, depression, limb pain, general pain, heat sensations, pruritus, and rash. No grade 4 events associated with infusion were reported. Grade 4 events were reported in three patients who received rituximab: one patient had an ischemic coronary-artery syndrome, one patient had a malignant thyroid neoplasm, and one patient had symptoms of acute and progressive multiple sclerosis. Serious adverse events were reported in 14.3% of patients in the placebo group and 13% of patients in the rituximab group. A total of 5.7% of patients in the placebo group and 4.3% of patients in the rituximab group withdrew from the study because of adverse events. One death, which was due to homicide, occurred in the rituximab group.
The incidence of any infection was similar in the placebo group (71.4%) and the rituximab group (69.6%). The most common infections (occurring in ≥10% of patients) in the rituximab group were nasopharyngitis, upper respiratory tract infections, urinary tract infections, and sinusitis. Urinary tract infections were more common among patients who received rituximab than among patients who received placebo (14.5% of the rituximab group vs. 8.6% of the placebo group), as was sinusitis (13.0% vs. 8.6%). No clinically significant opportunistic infections were reported. Infection-associated serious adverse events were reported in 5.7% of patients in the placebo group and 2.9% of patients in the rituximab group. Of the two serious infection-related adverse events (gastroenteritis and bronchitis) in the rituximab group, both resolved without sequelae; the last recorded values for immunoglobulin levels before these infections were above the lower limit of the normal range in both patients.
Dis cus sion
The results of this phase 2 trial provide MRI and clinical evidence that selective CD20+ B-cell depletion is a potentially effective approach in the treatment of relapsing-remitting multiple sclerosis. As compared with placebo, rituximab significantly reduced the number of gadolinium-enhancing lesions and the number of relapses.
The predominant mechanism responsible for this improvement in disease activity associated with rituximab is unknown. The reduction in inflammatory lesions occurred at the earliest time point measured -within 4 weeks after the first dose -an effect also observed in an open-label, phase 1 trial of rituximab in patients with relapsing-remitting multiple sclerosis. 31 Plasma cells are not targeted by rituximab, and total antibody levels were not significantly reduced after a single treatment course; thus, the rapid onset of action is unlikely to be explained by a reduction in pathogenic autoantibodies. A more likely explanation is that the effects of rituximab on MRI and clinical outcomes seen in this trial resulted from lysis of memory B cells located in the peripheral blood and lymphoid tissues, or perhaps in the central nervous system. Interference with antigen presentation by B cells, or with activation of T cells or macrophages by pro-inflammatory B-cell cytokines such as interferon-γ and interleukin-12, may also play a role. 32 Treatment with rituximab led to a rapid and complete depletion of CD20+ peripheral B cells (as measured by CD19 expression). Because CD20 is not expressed on stem cells or plasma cells, 33 median immunoglobulin levels remained above the normal range throughout the trial. It remains to be seen what effects long-term B-cell depletion will have on immunoglobulin levels and the longterm risk of infection. In patients with rheumatoid arthritis, B-cell levels have not been shown to 30 † Serious adverse events were defined as life threatening, resulting in death, requiring prolonged inpatient hospitalization, disabling, resulting in a congenital anomaly or malignant condition, or requiring surgical intervention to prevent one of these outcomes. ‡ Infusion-associated events included any adverse event occurring during or within 24 hours after rituximab infusion in 67 patients in the rituximab group at week 2. § Sialoadenitis and viral infection developed in patients in the placebo group, and gastroenteritis and bronchitis developed in patients in the rituximab group. HACA denotes human antichimeric antibodies. correlate with clinical response. 34 In our study, human antichimeric antibodies were detected in approximately one quarter of patients in the rituximab group who were tested. We did not observe associations between human antichimeric antibodies and adverse events or efficacy responses, but larger studies are needed to evaluate these potential associations. Events within 24 hours after infusion occurred in a higher proportion of patients in the rituximab group than in the placebo group; patients did not receive treatment with glucocorticoids before infusion. As expected, the frequency of these events was greater during the first infusion than during the second. The events included fever, chills, rigors, nausea, pruritus, asthenia, and hypotension -events that are known to be associated with cytokine-release syndrome during B-cell lysis 35 and are consistent with those reported in patients with rheumatoid arthritis treated with rituximab. 36 In conclusion, a single course of rituximab significantly reduced both MRI and clinical evidence of inflammatory activity for 48 weeks. The magnitude of this effect and the rapidity of its onset provide support for the theory of B-cell involvement in the immunopathologic process of multiple sclerosis, and they show that B-cell depletion has the potential to decrease disease activity in patients with the relapsing form of this disease. This small 48-week trial was not designed to assess long-term safety or to detect uncommon adverse events. Opportunistic infections, such as JC virus infection resulting in progressive multifocal leukoencephalopathy, have been reported in other patient populations treated with rituximab, 37 although a cause-and-effect relationship has not been established for this complication. The degree of response observed in this study suggests that anti-CD20 agents such as rituximab may be an option for treating relapsing-remitting multiple sclerosis, provided that the observed efficacy and safety profile are sustained in larger and longer-term controlled trials.
